Hepatic encephalopathy has traditionally been considered a reversible disorder. However, recent studies suggested that repeated episodes of hepatic encephalopathy cause persistent impairment leading to neuronal loss. The aims of our study were the development of a new animal model that reproduces the course of episodic hepatic encephalopathy and the identification of neurodegeneration evidences. Rats with portacaval anastomosis underwent simulated episodes of hepatic encephalopathy, triggered by the regular administration of ammonium acetate, and/or lipopolysaccharide. The neurological status was assessed and neuronal loss stereologically quantified in motor areas. During the simulated episodes, ammonia induced reversible motor impairment in portacaval anastomosis rats. In cerebellum, stereology showed a reduction in Purkinje cell population in portacaval anastomosis and PCAþNH 3 groups and morphological changes. An increase in astrocyte size in PCAþNH 3 group and activated microglia in groups treated with ammonium acetate and/or lipopolysaccharide was observed. A modulation of neurodegeneration-related genes and the presence of apoptosis in Bergmann glia were observed. This new animal model reproduces the clinical course of episodic hepatic encephalopathy when ammonia is the precipitant factor and demonstrates the existence of neuronal loss in cerebellum. The persistence of over-activated microglia and reactive astrocytes could participate in the apoptosis of Bergmann glia and therefore Purkinje cell degeneration.
Introduction
Hepatic encephalopathy (HE) is considered a reversible neurophysiological syndrome that causes brain disturbances, ranging from behavioral alterations as confusion or depressed consciousness to ataxia and coma. 1 It is characterized by astrocyte swelling, secondary to cytotoxic edema, probably induced by the deleterious effects of ammonia and oxidative stress.
HE has classically been considered a metabolic disorder affecting astrocytes, but not neuronal architecture. However, the presence of neuronal loss in basal ganglia, thalamus and cerebellum is well documented in the most extreme form of HE: the acquired hepatocerebral degeneration. 2, 3 This disorder is characterized by chronic symptoms as ataxia, dysarthria, apraxia and parkinsonism, generally related to repeated or long episodes of HE. End-stage liver failure patients (alcoholic and nonalcoholic) show a high incidence of cerebellar lesions, 4 in addition to a differential response of Bergman glia, a specialized cerebellar astrocyte, in comparison to other astrocytes. 5, 6 Several studies confirmed that HE episodes lead to persistent cognitive impairment, 7 which perseveres even after hepatic transplantation. 8 A decrease in the brain volume and in the N-acetyl-aspartate (neuronal marker) signal was observed by magnetic resonance imaging, suggesting that episodes of HE could induce neuronal loss. 9 This loss could be more important in some areas, explaining some of the clinical manifestations. For example, it has been reported that cerebellum is especially susceptible to oxidative stress and together with basal ganglia, the regions with a greater supply of ammonia during HE. 10, 11 Experimental models are necessary to study the pathophysiology of HE and to test new drugs. 12 These models induce diverse grades of liver failure and could be combined with portosystemic shunting and precipitating factors to simulate the different types of HE emulating the clinical manifestation.
Accordingly, the first aim of our study was the development of a new animal model that reproduces the clinical course of episodic HE. Starting from an established model of minimal HE in rats, we tested the periodical administration of common precipitating factors, ammonia and/or lipopolysaccharide (LPS), to assess the involvement of both factors and its synergic effects in the neurological outcome and pathophysiology. The second aim was to investigate whether the impact of repeated HE episodes in the brain, (hyperammonemia independently or in combination with peripheral inflammation) could lead to neurodegeneration in this new model of HE, and identify the main signaling pathways involved in this neurodegenerative process.
Materials and methods

Animal model
Adult male Sprague-Dawley rats (200-250 g; Charles River Laboratories France, L'Arbresle Cedex, France) were housed in polycarbonate cages under standard laboratory conditions. Standard food (A04, Panlab, Barcelona, Spain) and water were available ad libitum. All procedures were conducted following SECAL guidelines (http://secal.es/), in compliance with the ARRIVE guidelines for reporting animal experiments and approved by the Catalan Animal Research Committee at the facilities of Vall d'Hebron Research Institute (VHIR).
Portacaval anastomosis. Rats were anesthetized with isoflurane (Aerrane-Isoflurane, Baxter, Deerfield, IL, USA). Portacaval anastomosis (PCA) was performed following previous studies 13 and after surgery, PCA rats recovered for four weeks before performing studies. Sham rats underwent a similar procedure in which portal vein was clamped for 15 min.
Episodic HE. PCA rats were regularly administered once every two weeks by continuous infusion for 3 h (20 mL/ min; Harvard Apparatus, Holliston, Massachusetts), up to 10 infusions (five months) with ammonium acetate (55 mmol/kg/min; Sigma-Aldrich, St. Louis, USA), and/or LPS from Klebsiella pneumoniae (3 mg/kg; L4268; Sigma-Aldrich, St. Louis, USA), both prepared in saline (Fresenius Kabi, Sevres, France). Saline was also injected to a group of PCA and sham rats following the same protocol (supplementary data). Groups: Sham, PCA, PCAþNH 3 , PCAþLPS, PCAþNH 3 þLPS (n ¼ 14). All infusions were administered through a permanent intraperitoneal catheter. Animal weight, blood ammonia, cytokines, and neurological manifestations were checked during the experiment.
Ammonia and cytokine levels in plasma. Ammonia levels were quantified by an enzymatic method (COBAS INTEGRA ammonia Kit, Roche, Basel, Switzerland) and three different cytokines (interleukin-6, IL-6; interleukin-1b, IL-1b; and tumor necrosis factor-a, TNF-a) were measured by immunoassay (Quantikine ELISA kit, R&D Systems, Minneapolis, USA) before and after the infusions (n ¼ 7).
Neurological examination. Reflex score: A reflex test was performed similarly as previously described. 14 Twelve different reflexes (including flexion, righting, grasping, placing reaction, equilibrium, corneal, auditory startle, head hacking) were checked in each animal before and after a simulated HE episode. The presence of the appropriate reaction was scored with one point, thus, a normal rat had a reflex score of 12 points (n ¼ 14).
Memory examination: One week after the last HE episode, rats underwent a one-trial object recognition test to evaluate short-term and long-term memory, performed following Bevins and Besheer's protocol. 15 In short, rats were exposed to two identical objects (a) as training. One hour later, short-term memory was assessed by the exposition to a novel object (b) and the familiar object (a). After 24 h, rats were exposed to a second new object (c) and the familiar one (a) to evaluate long-term memory. The test was videotaped and scored measuring the time invested exploring each object. The results were expressed as discrimination ratio, calculated as interaction with novel object divided by total interaction time (n ¼ 6).
Brain analysis
Quantitative morphology. Animals were perfused with 1% heparinized saline solution and then with 4% paraformaldehyde solution (PFA; Merk, New York, USA). Brains were post-fixed 24 h in PFA, cryoprotected in sucrose and finally stored at À80 C. Continuous coronal sections of 30 mm thick from entire brain were obtained with a cryostat (Leica CM3050S, Leica Microsystems, Wetzlar, Germany).
The dopaminergic neurons of Substantia Nigra pars compacta (SNpc) were assessed after free-floating inmunohistochemistry (anti-tyroxine hydroxylase, TH; 1/2000; Calbiochem, Merk milipore Billerica, USA) and Purkinje neurons of cerebellum after Nissl staining. The stereological study (supplementary data) was realized in entire SNpc following a periodicity of in one every six sections (n ¼ 8) and in cerebellum one every 24 sections (n ¼ 3) using stereo investigator software (version 7.00; MSF Bioscience-Micro Bright Field, Williston, USA). All sections were blind counted based on nucleus identification to estimate number of neurons. Striatal TH innervation (n ¼ 8) was evaluated by optical densitometry (OD) using Image J software (version 1.45s; NIH, Bethesda; USA), as previously described. 16 For neuroglia analysis, four evenly spaced sections of the entire cerebellum were immunostained using primary antibody against microglia (anti-Iba-1; 1/1000; Wako Chemicals, Osaka, Japan) or astrocytes (anti-GFAP; 1/1000; Sigma-Aldrich, San Luis, MO, USA). Apoptosis was assessed using cleaved-caspase-3 antibody (anti-casp3 (Asp175); 1/600, Cell Signalling, Danvers, MA, USA). Eight representative images (20 Â objectives) for microglia analysis, two for astrocytes (40 Â objectives) and four for Bergmann glia (20 Â objectives) were blind taken in every section (n ¼ 3-4). Images were quantified using Image J.
Molecular mechanisms. For RNA analysis, brain samples were maintained 24 h in RNA later (Life technologies, Carlsbad, USA), frozen in liquid nitrogen, and stored at À80 C. Total RNA was extracted from cerebellum using Rneasy micro kit (QIAGEN, Venlo, Nederland) and RNA quality was checked by Bioanalyzer (2100, Agilent Technologies, Santa Clara, CA, USA). Gene expression profile of cerebellum was assessed using Rat Gene 1.1 ST 24-array plate (16,500 genes, Affimetrix, Santa Clara, USA) and genes differentially expressed by >2-fold and involved in neurological processes in accordance with Ingenuity Õ Pathway Software (IPA Õ , Qiagen, Redwood city, USA; n ¼ 5) were verified by RT-PCR (TaqMan gene expression assay, Life Technologies, Carlsbad, USA). The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus 17 and are accessible through GEO Series accession number GSE71425 (http://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE71425).
For Western blot, brains were frozen in methylbutane for storage at À80 C; 30 mg of lysated protein were loaded in SDS-polyacrylamide gel (12%, BioRad, Hercules, USA), transferred to a polyvinylidenedifluoride membrane (BioRad, Hercules, USA), and incubated overnight at 4 C with primary antibody transthyretin (Ttr; 1/2000, Thermo Fisher, Waltham, USA). b-actin was used as loading control (1/25,000; Sigma-Aldrich, San Luis, MO, USA). Membrane was developed using ECL kit (GE Healthcase; Little Chalfont, UK), and quantified using Image J (n ¼ 6). The results were an average of three replicates.
Statistical analysis
The differences between intergroup data (sham, PCA, PCAþNH 3 , PCAþLPS, and PCAþNH 3 þLPS) were verified with one-way ANOVA followed by Holm-Sidak. Data from blood ammonia and blood cytokines were analyzed by two-way ANOVA. The results obtained from reflexes were summarized in a contingency table and analyzed by McNemar test followed by Fisher method. Discrimination index was analyzed by one-way ANOVA. Neuronal counts were compared by one-way ANOVA followed by Holm-Sidak. Differences between groups in microglia and astrocyte reactivity and apoptosis were analyzed by one-way ANOVA followed by Holm-Sidak. Data were expressed as mean AE standard deviation and P values < 0.05 were considered statistically significant. All the statistical analyses were performed with Sigma Stat package (version 3.00 for windows, SPSS Inc Chicago, USA).
Results
Animal weight was monitored during the development of the model and no evidence of malnutrition was found in any group. The weight increased in all groups during the infusion period (Supplementary data).
Ammonia and LPS infusions induce acute hyperammonemia and cytokine production respectively in PCA rats
Ammonia and cytokines were controlled before and after the infusions to check the acute increment of its levels in blood. As expected, the groups in which ammonia acted as precipitant factor showed significantly higher blood ammonia levels 3 h after infusion, in comparison with the other groups (P < 0.001, Table 1 ). The group PCAþNH 3 also showed more elevated ammonia levels than the group PCAþNH 3 þLPS (P ¼ 0.003). In the same way, plasma cytokine levels (IL-6, IL-1b and TNF-a) were strongly increased only after LPS injection in comparison with LPS-non-treated groups (P 0.001, Table 1 ). Unexpectedly, the PCAþNH 3 þLPS group showed significantly lower levels of IL1-b (P ¼ 0.003) and TNF-a (P < 0.001), than the PCAþLPS.
Hyperammonemia induces loss of reflexes in PCA rats
Neurological evaluation revealed a significant loss of reflexes only in PCAþNH 3 group between baseline stage and 3 h post-infusion (baseline¼12 and post-infusion¼9; P ¼ 0.003, Table 1 ). Ammonia induced reversible impairment of motor capabilities in PCA rats; during the simulated episodes, ammonia-treated rats showed mild manifestation of encephalopathy.
Regarding memory examination, during the shortterm memory session, rats exhibited a discrimination ratio above 0.5 in all cases without differences between groups (Table 1 ). This ratio means that animals were able to differentiate between objects. In long-term memory session, PCAþLPS group was not completely able to recognize the familiar object, it showed discrimination ratio of 0.32 AE 0.26, but without significant differences between groups.
Hyperammonemia induces Purkinje neurons degeneration probably mediated by Bergmann glia apoptosis
The evaluation of dopaminergic cell bodies in SNpc, assessed by stereological cell counting, did not show a reduction of the number of TH-reactive neurons compared to sham rats. The analysis of the axon terminal integrity of TH-positive fibers in striatum did not evidence degeneration, supporting the results obtained from SNpc cell counting (Figure 1(a) ). The stereological evaluation of Purkinje cell layer in cerebellum revealed the presence of degenerating Purkinje neurons in all groups and these neurons exhibited shrinkage, dark cytoplasm, and nucleus and/or deformed nuclei (Figure 1(b) and (c)), as shown in other diseases. 18 The stereological counting of normal and degenerative Purkinje neurons showed a significant reduction in the number of normal Purkinje cells in all treated groups in comparison to sham (P ¼ 0.018; Figure 1(d) ). In addition, a lower number of total neurons in PCA and PCAþNH 3 groups was quantified compared to sham rats (P ¼ 0.045). To elucidate the mechanism involved in Purkinje cell death, apoptosis was evaluated measuring cleaved-caspase-3 levels by immunohistochemistry. The immunohistochemical analysis revealed an increase in cleaved-caspase-3 staining in Bergmann glia cells (Figure 2(f) ) of all hyperammonemic groups (PCA, PCAþNH 3 and PCAþNH 3 þLPS), except in PCAþLPS compared to sham rats (P ¼ 0.005; Figure 2 ).
Ammonia infusion causes changes in astrocyte size
The differences in astrocyte size in cerebellum, estimated as the percentage of area immunostained with GFAP divided by the number of astrocytes, were statistically significant between sham (Figure 3(a) ) and ammonia-treated group (P ¼ 0.033, Figure 3(f) ).
In addition, the presence of astrocytes with extended processes was observed in all PCA groups (Figure 3 (b) to (e)). 
Ammonia and/or LPS infusion induce microglia activation in PCA rats
Iba-1 stained area was measured to quantify the grade of microglia activation. An increase in microglia population was evident in cerebellar tissue following ammonia and or LPS injection in relation to sham (Figure 4(f) ). Moreover, several of those cells presented activated phenotype, larger soma with shorter processes (P 0.001; Figure 4 (c) to (e)). Microglia cells in sham rats possessed numerous and long ramifications characteristic of resting microglia (Figure 4(a) ). The ammonia levels generated by PCA group appeared to be insufficient to produce substantial changes in microglia (Figure 4(b) ).
Ammonia and/or LPS infusion induce changes in neurodegenerative-related genes in PCA rats
Gene expression array of cerebellum evidenced expression changes of several neurodegenerative-related genes in comparison to sham that were validated by RT-PCR ( Overall, protein levels of Ttr were significantly higher in PCA and ammonia-treated group ( Figure 5 ). In addition, those ammonia-treated animals overexpressing Ttr mRNA also revealed significantly higher levels of Ttr protein when compared with the other half of ammonia-treated animals that showed Ttr levels similar to sham (P ¼ 0.025). Other genes showed appreciable modulation related to LPS injection, standing out lipocalin-2 (Lcn-2) and Chemokine ligand-2 (Ccl-2) ( Table 2 ).
Discussion
Several experimental HE models have been described until now; however, none of them mimicked recurrent episodes of HE, the most common HE modality in cirrhotic patients. Our proposal is a new animal model that simulates the episodic course of HE, arising from PCA model and periodically sensitized with ammonia or LPS administration to trigger successive bouts of HE. The innate reflexes, along with the neuropathological analysis of the brain, including stereological cell counting for the first time in an HE model, showed signs of neurodegeneration at different levels in cerebellum.
Our results showed that ammonia, as precipitant factor of the HE episodes, provoked transitory neurological function impairment that was evidenced by the acute loss of innate reflexes in the animals, with subsequent recovery 24 h later. 19 Although the correlation existing between ammonia levels in blood and the severity of HE is not well characterized, the increase of ammonia levels in plasma achieved in our animal model is compatible with levels found in other studies in EH patients. 20, 21 The neurological examination in rats allowed the evaluation of responses in front of stimuli and provided us an overall scale of central nervous system functions. 22 This approach permitted perceiving fluctuations in the neurological state of the animals, suggesting that this animal model has the capacity to simulate transitory motor abnormalities similar to the ones occurring during an episode of HE in patients.
This work is focused on examining the presence of neurodegeneration in motor structures by stereological studies, which allow the quantification of the total number of neurons through an unbiased counting methodology. 23 A decrease in total number of Purkinje neurons in cerebellum was discerned in PCA and PCAþNH 3 groups as well as a reduction in the number of normal Purkinje neurons in all animal groups compared to sham groups. Those findings confirm the existence of neuronal loss, but also an increase in degenerating features of these neurons. Degenerative Purkinje cells exhibited shrinkage and dark cytoplasm, and deformed and dark nuclei similar to the degenerate structure found in spinocerebellar ataxia type 31 disease. The unexpected percentage of neurons with degenerative features found in sham group is attributable to a not uncommon artifact called ''dark neuron.'' 24 In any case, this phenomenon would affect equally all groups and the results should remain the same. It is assumed that the cerebellar degeneration, consisting on a significant loss of Purkinje cells and gliosis, is commonly present in alcoholic cirrhotic patients due to nutritional deficiency. However, cerebellar degeneration was observed with similar prevalence in end-stage cirrhotic patients in both alcoholic and nonalcoholic. Fact that suggests that mechanisms altered in liver disease, different from nutritional deficiencies, may also contribute to the cerebellar neurodegeneration. 4 To elucidate the mechanism involved in this degenerating process, caspase-3 immunostaining was performed. It revealed an increase in apoptosis of Bergmann glia in hyperammonemic rats (PCA, PCAþNH 3 and PCAþNH 3 þLPS) that could be responsible for the increase of degenerative neurons. Bergmann glia is a radial astrocyte in the cerebellar cortex located in Purkinje layer, 25 it actively takes part in the processing and maintenance of synaptic information via glutamate transporters and participates in controlling cell-membrane potential in Purkinje neurons. 26 Our results could suggest that the degenerative process of Purkinje neurons may be related to an increase in apoptosis of Bergman glia due to hyperammonemia or an abnormal glutamatergic transmission. Other studies also indicate significant differences in responses between Bergman glia and the astrocytes of other brain regions during end-stage liver disease. While astrocytes lose their immunereactivity to GFAP, Bergmann glia in PCA rats shows an increase in GFAP immunereactivity, but in EH patients changes in GFAP immunereactivity are not detected. 5, 6 Previous studies in six-month PCA rat model showed an increase in astrocyte swelling and a vacuolization in the cerebellum. 27 Additionally, microglia activation and astrocyte dysfunction were found in acute liver failure models 28 and bile duct ligated rats with hyperammonemic diet. 29 For this reason, the glia of cerebellum was evaluated to identify activated microglia (via Iba-1 staining) and reactive astrocytes (by GFAP staining). Our results illustrate an over-activation of microglia, together with changes in astrocyte size, which could participate in cell death.
In addition, gene expression array was performed to identify the pathways involved in the neurodegenerative process. Although, no canonical pathways were altered, the changes in gene expression detected might be taken into account as putative mechanisms related to neuronal loss in cerebellum. The overexpression of Htr2c, a gene related to serotonin neurotransmission detected in ammonia-treated animals, could also be implicated in the abnormal neurotransmission suggested between Bergman glia and Purkinje cells. On the other hand, Lcn-2 is secreted by glial cells, mainly astrocytes, during diverse inflammatory conditions 30 and sensitizes neurons with regard to cell death, motility, and morphological changes. 31 Likewise, Ccl-2 has been related with microglia activation and neuronal decline in acute HE. 32 The overexpression of both genes (Lcn-2 and Ccl-2) exacerbated by inflammatory conditions could illustrate the plausible role of microglia activation in cerebellum neuronal death. Meanwhile, a vast overexpression of Ttr in cerebellum, but not in other tissues (data not shown) was exhibited with hyperammonemia. Ttr is a homotetrameric protein that works as a carrier protein, and its monomers or small oligomers form cytotoxic amyloid depositions. 33 A protective role for Ttr has been suggested in Alzheimer's disease by the interaction of Ttr with amyloidgenic b-amyloid peptide that could inhibit amyloid fibril formation. 34 High levels of Ttr protein without Ttr protein aggregates (data not shown) were observed in our study, therefore Ttr may adopt a protective role as endogenous detoxifier to reduce hyperammonemia. Beyond, an increase in a-synuclein, the protein responsible of insoluble fibril formation in Parkinson disease, has been reported in the Purkinje layer of chronic hyperammonemic rats. 35 This protein could also be one of the degeneration causing agents in our model. However, further experiments are necessary to elucidate the mechanism involved in this degeneration process of Purkinje neurons.
The study has some weaknesses that should be taken into consideration in the interpretation of the results. The lack of correlation between the grade of ammonia insult and the amount of Purkinje neuron death between hyperammonemic rats (PCA and PCAþNH3) that could be probably due to an excessive duration of the animal model. In addition, the damage in brain tissue caused by ammonia overdose could be produced at earlier stages and be masked by the powerful effect of the five-month PCA. Moreover, the group which combines hyperammonemia and inflammation did not show synergic effects of both factors aggravating the neurological status; it seems to be contradictory to what happens in patients. A plausible explanation for that could be that low dose of LPS up-regulated the capacity of urea synthesis in rats 36 and thus reduced the ammonia levels in blood and its toxic effects in brain.
In conclusion, this new model of episodic HE achieved by the chronic administration of ammonia showed an intermittent loss of neurological skills, mimicking the intermittent neurological alterations in the clinical course of patients with HE. In addition, the results derived from this new model provide the first evidence of degeneration and death of Purkinje neurons, probably mediated by Bergmann glia apoptosis. This new model might be a valuable tool for the study of the neuropathological mechanisms behind the episodic HE.
